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Monodisperse  bimetallic  alloyed  palladium-copper  nanocrystals  are  uniformly  supported  on  reduced 
graphene  oxide  nanosheets  by  a  one-pot  solvothermal  strategy,  with  an  average  size  of  6.81  nm.  As  a 
result,  the  as-prepared  nanocomposites  have  the  enlarged  electrochemically  active  surface  area 
(49.2  m2  g-1),  and  display  the  improved  electrocatalytic  performance  and  high  methanol-tolerance 
ability  for  oxygen  reduction  reaction  in  alkaline  media,  compared  with  commercial  Pd  black  and 
RGOs.  Those  RGOs-supporting  Pd-Cu  alloys  would  have  potential  applications  in  fuel  cells. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Noble  metal  nanocrystals  (NCs)  are  considered  as  promising 
catalysts  in  fuel  cells  [1,2  .  Among  them,  Pt  and  Pd-based  nano¬ 
structures  are  of  central  significance  in  catalyzing  the  anode  and/or 
cathode  reactions  in  fuel  cells  [3-5].  Compared  with  Pt,  Pd  has 
many  intrinsic  advantages  such  as  lower  cost  and  almost  no 
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CO-poisoning  effects  [6,7  .  Moreover,  Pt-based  catalysts  suffer  from 
slow  kinetics  of  oxygen  reduction  reaction  (ORR)  resulted  from  a 
huge  overpotential  (400  mV),  which  severely  limits  the  overall 
performance  of  fuel  cells  [8  .  Therefore,  it  would  be  interesting  and 
important  to  develop  non-Pt  NCs,  while  maintaining  high  catalytic 
activity. 

Generally,  Pd-based  nanocatalyst  is  an  ideal  alternative  to 
replace  Pt,  which  has  a  high  electrocatalytic  activity  toward  ORR  in 
alkaline  media  [9,10  .  Last  decades  have  witnessed  the  emergence 
of  various  Pd-based  nanomaterials  and  their  wide  applications 
[11-15  .  For  instance,  Yin  and  co-workers  prepared  Pd-alloyed 
(Pd-Co  and  Pd-Cu)  nanoparticles  with  enhanced  catalytic  activ¬ 
ity  for  ethanol  oxidation.  Xiao'  group  found  that  there  is  a  strong 
dependence  of  Pd  activity  on  its  morphology  toward  ORR  16]. 
Despite  these  demonstrations,  it  is  still  of  practical  importance  to 
develop  novel  Pd-based  catalysts  with  enhanced  catalytic  perfor¬ 
mance  for  the  progress  of  fuel  cells. 

As  known,  the  shape,  size,  and  distribution  of  metallic  NCs  are 
the  key  factors  to  determine  their  properties  [17  .  Their  synthesis  is 
believed  to  be  crucial  for  searching  nanomaterials  with  novel 
properties  18,19].  Besides,  bimetallic  nanostructures  own  more 
remarkable  catalytic  performances  over  monometallic  counter¬ 
parts  [16,20  .  Hence,  alloying  Pd  with  other  less  expensive  transi¬ 
tion  metals  is  a  potential  way  to  enhance  the  catalytic  activity, 
along  with  reduce  the  cost  [21  ]. 

Meanwhile,  suitable  carbon-based  supports  are  also  important 
to  disperse  metallic  NCs,  which  is  another  strategy  to  improve  the 
catalytic  activity  and  reduce  the  cost  [22,23  .  As  one  of  oxygen- 
abundant  carbon  layered  materials,  graphene  has  attracted 
continually  attention  after  its  discovery  in  2004  [24],  which  has 
been  extensively  applied  as  a  good  support  for  catalysts,  owing  to 
its  higher  electrical  conductivity  and  larger  surface  area 
(2600  m2  g-1)  [25,26], 

In  this  study,  a  facile  and  efficient  solvothermal  strategy  was 
developed  for  preparation  of  bimetallic  alloyed  Pd-Cu  NCs  sup¬ 
ported  on  reduced  graphene  oxygen  nanosheets  (denoted  as  Pd-Cu 
NCs/RGOs).  The  catalytic  activity  of  Pd-Cu  NCs/RGOs  was  investi¬ 
gated  for  ORR,  using  commercial  Pd  black  and  RGOs  as  references. 

2.  Experimental 

2.2.  Chemicals 

Palladium(II)  acetylacetonate  (Pd(acac)2),  copper  acetylacetonate 
(Cu(acac)2),  poly(vinylpyrrolidone)  (PVP,  MW  =  58000),  formalde¬ 
hyde,  ethylene  glycol  (EG),  l-hexadecyl-2,3-dimethylimidazolium 
bromide  ([Ci6MMIm]Br),  and  commercial  Pd  black  were  supplied 
from  Shanghai  Aladdin  Chemical  Reagent  Company  (Shanghai, 
China).  All  the  other  reagents  were  analytical  grade  and  used  without 
further  purification.  All  aqueous  solutions  were  prepared  with  twice- 
distilled  water  throughout  the  whole  experiments. 

2.2.  Instrumentations 

The  morphology,  composition,  and  metal  distribution  of  the 
samples  were  observed  by  transmission  electron  microscopy 
(TEM),  high-resolution  TEM  (HRTEM),  X-ray  energy  dispersive 
spectroscopy  (EDS),  and  high  angle  annular  dark  field-scanning 
transmission  electron  microscopy  (HAADF-STEM)  on  a  JEM-2100F 
transmission  electron  microscope  coupled  with  an  energy- 
dispersive  X-ray  spectrometer.  TEM  analysis  was  carried  out  at  an 
accelerating  voltage  of  200  kV,  and  Mo  grid  was  used  as  a  substrate. 
A  small  amount  of  the  sample  was  dispersed  in  ethanol  after 
ultrasonication,  and  then  a  drop  of  the  suspension  was  deposited 
on  the  Mo  grid  for  TEM  observation.  The  crystal  structures  were 


conducted  by  X-ray  diffraction  (XRD)  spectroscopy  using  a  Bruker- 
D8-AXS  diffractometer  system  equipped  with  Cu  Ka  radiation.  The 
X-ray  photoelectron  spectroscopy  (XPS)  was  conducted  on  a  K- 
Alpha  XPS  spectrometer  using  Al  Ka  X-ray  radiation  (1486.6  eV)  for 
excitation.  Raman  spectra  were  tested  on  a  Renishaw  Raman  sys¬ 
tem  model  1000  spectrometer  equipped  with  a  charge-coupled 
device  (CCD)  detector.  Thermogravimetric  analysis  (TGA)  was  per¬ 
formed  under  a  flow  of  air  on  a  NETZSCH  STA  449C  analyzer  and  the 
samples  were  heated  from  25  to  900  °C  with  a  heat  rate  of 
10  °C  min-1. 

2.3.  Preparation  of  Pd-Cu  NCs/RGOs 

Pd-Cu  NCs/RGOs  were  synthesized  as  follows.  Firstly,  GOs  were 
prepared  by  the  modified  Hummer's  method  [27  .  Then, 
0.1  g  Pd(acac)2  and  0.086  g  Cu(acac)2  were  put  into  15  mL  EG,  which 
contains  5  mM  GOs,  0.32  g  PVP,  and  0.201  g  ([Ci6MMIm]Br).  The 
mixed  solution  was  stirred  for  1  h  at  room  temperature  to  obtain  a 
homogeneous  suspension.  Next,  the  mixture  was  transferred  into  a 
25  mL  Teflon-lined  stainless-steel  autoclave  and  heated  at  160  °C 
for  6  h.  Then,  the  autoclave  was  cooled  to  room  temperature 
naturally.  The  final  black  precipitate  was  collected  by  centrifuga¬ 
tion,  thoroughly  washed  with  ethanol  and  water  to  remove  the 
residual  PVP  and  ([Ci6MMIm]Br),  and  dried  at  60  °C  in  vacuum  for 
characterization. 

2.4.  Electrochemical  measurements 

All  electrochemical  experiments  were  performed  on  a  CHI  660D 
electrochemical  workstation  (CH  Instruments,  Chenhua  Company, 
Shanghai,  China),  and  conducted  on  a  conventional  three-electrode 
cell,  including  a  platinum  wire  as  the  counter  electrode,  a  saturated 
calomel  electrode  (SCE)  as  the  reference  electrode,  and  the  bare  or 
modified  glassy  carbon  electrode  (GCE,  3  mm  in  diameter)  or 
rotating  disk  electrode  (RDE,  4  mm  in  diameter)  as  the  working 
electrode. 

For  typical  fabrication  of  Pd-Cu  NCs/RGOs  modified  electrode, 
2  mg  of  the  sample  was  put  into  1  mL  water  and  dispersed  by 
ultrasonication  for  30  min  to  obtain  a  homogeneous  suspension 
(2  mg  mL-1).  Next,  6  and  15  pL  of  the  suspension  were  homoge¬ 
neously  casted  on  the  clean  GCE  and  RDE,  respectively,  followed  by 
casting  another  layer  of  Nation  (0.05  wt  %)  on  the  electrode  surfaces 
to  seal  the  samples  in  place  and  dried  in  air.  The  specific  loading  of 
the  catalysts  on  the  GCE  and  RDE  were  0.17  mg  cm-2  and 
0.24  mg  cm-2,  respectively.  For  comparison,  commercial  Pd  black 
and  RGOs  modified  GCE  and  RDE  were  prepared  in  a  similar  way. 

To  measure  the  electrochemically  active  surface  area  (ECSA)  of 
Pd-Cu  NCs/RGOs  and  Pd  black  modified  electrodes,  electro¬ 
chemical  CO-stripping  voltammograms  were  obtained  by  oxidizing 
pre-adsorbed  CO  (COad)  in  0.5  M  H2SO4  at  a  scan  rate  of  50  mV  s-1. 
CO  was  bubbled  through  the  electrolyte  for  20  min  to  allow  com¬ 
plete  adsorption  of  CO  onto  the  deposit.  The  amount  of  the  COad 
was  evaluated  by  integrating  the  COad  stripping  peak  and  correct¬ 
ing  for  the  capacitance  of  the  double  electric  layer.  Besides,  the 
cyclic  voltammetric  experiments  were  performed  in  0.1  M 
KOH  +  3.0  M  methanol  at  a  scan  rate  of  50  mV  s-1  to  test  the 
methanol-tolerance  activity.  Meanwhile,  their  corresponding  ORR 
measurements  were  performed  with  a  Model  616  rotating  disk 
electrode.  All  the  experiments  were  performed  at  room  tempera¬ 
ture,  if  not  stated  otherwise. 

3.  Results  and  discussion 

Fig.  1A  shows  TEM  image  of  the  typical  product.  The  product 
contains  numerous  spherical  nanoparticles  evenly  dispersed  on 
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RGOs  with  high  density.  HAADF-STEM  image  (Fig.  IB)  further  il¬ 
lustrates  uniform  distribution  of  metallic  Pd-Cu  NCs  on  RGOs 
surfaces,  owing  to  the  capping  roles  of  PVP  and  ([Ci6MMIm]Br) 
[28].  The  corresponding  elemental  mapping  images  prove  homo¬ 
geneous  distribution  of  Pd  and  Cu  elements  in  each  nanoparticle 
(Fig.  1C,  D),  revealing  the  formation  of  Pd-Cu  alloys  29].  The  EDS 
line  scanning  profiles  indicate  that  the  amount  of  Pd  is  about  3 
times  higher  than  that  of  Cu  (Fig.  IE),  as  strongly  supported  by  EDS 
data  (Fig.  IF).  This  is  due  to  much  higher  standard  reduction  po¬ 
tential  of  Pd2+/Pd  with  0.92  V  versus  reversible  hydrogen  electrode 
(vs.  RHE)  than  that  of  Cu2+/Cu  (0.34  V,  vs.  RHE). 

Notably,  well-dispersed  Pd-Cu  nanoparticles  are  almost  uni¬ 
form  in  size  (Fig.  2A),  as  demonstrated  by  the  associated  size  dis¬ 
tribution  diagram  (inset  in  Fig.  2A).  Besides,  the  average  size  of 
Pd-Cu  NCs  is  around  6.81  nm,  which  is  considered  to  be  favorable 
for  enlarging  their  surface  area,  thereby  improving  their  catalytic 
activity  30].  Meanwhile,  the  lattice  spacing  is  about  0.22  nm  in 
different  marked  positions  (Fig.  2B),  which  can  be  assigned  to  the 
(111)  planes  of  the  face-centered  cubic  (fee)  Pd-Cu,  further 
revealing  the  formation  of  Pd-Cu  alloys  [31  .  Additionally,  poly¬ 
crystalline  nature  of  Pd-Cu  NCs  is  manifested  by  the  corresponding 
selected-area  electron  diffraction  (SAED)  pattern  (inset  in  Fig.  2B) 
[32]. 


The  crystalline  structures  of  Pd-Cu  NCs/RGOs  were  examined 
by  XRD  spectrum  (Fig.  3 A).  The  representative  diffraction  peaks 
located  at  40.9°,  47.1°,  69.4°  and  83.4°  are  assigned  to  the  (111), 
(200),  (220),  and  (311)  planes  of  the  fee  Pd-Cu  [25,33  .  Impres¬ 
sively,  these  peaks  are  located  between  bulk  Pd  (JCPDS-46-1043) 
and  Cu  (JCPDS-04-0836),  confirming  the  formation  of  Pd-Cu  alloys 
[34].  Besides,  the  diffraction  peak  emerged  at  35.3°  corresponds  to 
the  (100)  planes  of  CuO,  verifying  the  existence  of  Cu  oxidation 
state  in  Pd-Cu  NCs  [35].  Moreover,  the  peak  at  23.2°  is  the  char¬ 
acteristic  peak  of  the  (002)  planes  for  RGOs,  indicating  the  efficient 
reduction  of  GOs  [22,36]. 

The  effective  reduction  of  GOs  can  be  further  manifested  by 
Raman  spectroscopy,  which  is  an  effective  tool  to  characterize 
carbon-based  materials  [37].  Raman  spectra  of  Pd-Cu  NCs/RGOs 
(Fig.  3B,  curve  a)  and  GOs  (Fig.  3B,  curve  b)  both  exhibit  two 
prominent  peaks,  corresponding  to  well-documented  D  and  G 
bands.  The  D  band  is  associated  with  the  vibrations  of  the  sp3 
carbon  atoms  of  disordered  graphene  nanosheets,  while  the  G  band 
is  related  to  the  vibrations  of  sp2  carbon  atom  domains  of  graphite 
[6].  The  D/G  peak  intensity  ratio  (7d//g)  is  usually  applied  to  evaluate 
the  graphitization  degree  [38].  The  7d/7g  is  around  1.05  for  Pd-Cu 
NCs/RGOs,  which  is  larger  than  that  of  GOs  (0.94),  strongly  proving 
the  efficient  reduction  of  GOs  to  RGOs  [34  . 
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Fig.  1.  TEM  (A),  HAADF-STEM  (B),  HAADF-STEM-EDS  mapping  images  (C,  D),  line  scanning  profiles  (E),  and  EDS  spectrum  (F)  of  Pd-Cu  NCs/RGOs. 
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Fig.  2.  HRTEM  images  (A,  B)  of  Pd-Cu  NCs/RGOs.  Insets  show  the  corresponding  particle  size  distribution  in  (A)  and  SAED  pattern  in  (B),  respectively. 


XPS  spectra  were  recorded  to  verify  the  composition  and  surface 
chemical  states  of  Pd-Cu  NCs/RGOs  [29].  As  expected,  Pd-Cu  NCs/ 
RGOs  mainly  contain  Pd,  Cu,  C,  and  O  elements  (Fig.  4A).  High- 
resolution  Cls  XPS  spectrum  is  deconvoluted  into  four  compo¬ 
nents  (Fig.  4B),  which  can  be  assigned  to  C-C  (284.5  eV),  C-0 
(285.7  eV),  C=0  (287.5  eV),  and  0-C=0  (288.0  eV)  bonds  [22], 
respectively.  The  C-C  bonds  are  the  predominant  species  by 
measuring  the  relative  peak  areas,  indicating  the  deoxidation  of 
GOs  during  the  solvothermal  procedure  [23  .  The  predominant  Pd° 
3d5/2  and  Pd°  3d3/2  peaks  can  be  observed  in  high-resolution  Pd 
3d  XPS  spectrum  of  Pd-Cu  NCs/RGOs  (Fig.  4C),  revealing  complete 
reduction  of  Pd(acac)2  in  the  present  synthesis  [39]. 

With  respect  to  Cu  valence  states,  the  Cu  2p  and  Cu  LMM  XPS 
spectra  were  both  provided  (Fig.  4D).  The  higher  intensity  peaks 
located  at  931.8  and  951.8  eV  correspond  to  Cu°,  while  the  weaker 
ones  at  944.1  and  962.6  eV  are  the  characteristic  peaks  of  Cu2+  in 
the  form  of  CuO  [40  .  Besides,  the  Cu  LMM  Auger  peak  at  918.  7  eV 
(inset  in  Fig.  4D)  is  consistent  with  Cu°  [17  .  These  results  evidence 
the  coexistence  of  Cu°  and  Cu2+  in  Pd-Cu  NCs/RGOs,  but  the 
amount  of  Cu°  is  slightly  higher  than  that  of  Cu2+  [8  . 

TGA  curves  (Fig.  5)  were  obtained  to  analyze  the  thermal  sta¬ 
bility  of  Pd-Cu  NCs/RGOs,  and  evaluate  the  mass  loading  of  Pd-Cu 
NCs  on  RGOs.  For  the  sample  of  GOs,  the  weight  loss  within  100  °C 
comes  from  water  evaporation.  The  weight  loss  in  the  temperature 
range  of  150-250  °C  is  ascribed  to  the  decomposition  of  oxygen- 
containing  functional  groups,  and  the  weight  loss  above  500  °C  is 
attributed  to  the  combustion  of  carbon  skeleton  37].  Evidently,  the 
weight  loss  of  Pd-Cu  NCs/RGOs  (curve  a)  is  much  slower  from 


room  temperature  to  900  °C,  which  is  different  from  that  of  GOs 
(curve  b)  under  the  identical  conditions,  indicating  the  decreased 
quantity  of  the  oxygenated  functional  groups  on  RGOs  41].  This 
result  further  confirms  the  efficient  reduction  of  GOs  to  RGOs  [42]. 
Additionally,  the  mass  loading  is  about  70.8  wt  %  for  Pd-Cu  NCs  on 
RGOs  [43]. 

The  ECSA  of  Pd-Cu  NCs/RGOs  (Fig.  6A,  curve  a)  and  Pd  black 
(Fig.  6A,  curve  b)  modified  electrodes  were  measured  based  on  the 
CO-stripping  measurements  [44].  The  ECSA  is  about  49.2  m2  g-1  for 
Pd-Cu  NCs/RGOs,  which  is  much  larger  than  those  of  commercial 
Pd  black  (4.8  m2  g_1)  and  nanoporous  NP-Pd5oQi5o  alloy 
(28.0  m2  g_1)  [33],  implying  the  enhanced  electrocatalytic  activity 
of  Pd-Cu  NCs/RGOs.  On  the  other  hand,  the  onset  potential  of 
Pd-Cu  NCs/RGOs  is  obviously  more  negative  than  that  of  Pd  black, 
verifying  that  the  existence  of  Cu  can  facilitate  the  removal  of 
poisoning  intermediate  species  such  as  CO,  and  thus  improve  the 
catalytic  property  of  Pd-Cu  NCs/RGOs  [45]. 

The  electrocatalytic  activity  of  Pd-Cu  NCs/RGOs  was  investi¬ 
gated  toward  ORR,  which  includes  both  the  breaking  of  the  0-0 
bond  and  the  formation  of  the  OH  bond  [29  .  A  group  of  linear 
sweep  voltammograms  (LSVs)  were  recorded  in  alkaline  media, 
using  Pd  black  and  RGOs  as  references.  Fig.  7A  displays  the  LSVs  of 
Pd-Cu  NCs/RGOs  (curve  a),  Pd  black  (curve  b)  and  RGOs  (curve  c) 
modified  electrodes.  Obviously,  the  onset  potential  and  half-wave 
potential  of  Pd-Cu  NCs/RGOs  are  much  more  positive  than  those 
of  Pd  black,  RGOs,  and  the  Au-Pd  nanostructures  in  the  previous 
report  [46].  Additionally,  the  current  density  of  Pd-Cu  NCs/RGOs  is 
larger  than  those  of  Pd  black  and  RGOs  in  the  whole  potential  range. 
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Fig.  3.  XRD  (A)  and  Raman  (B)  spectra  of  Pd-Cu  NCs/RGOs  (curve  a)  and  GOs  (curve  b). 
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Fig.  5.  TGA  curves  of  Pd-Cu  NCs/RGOs  (curve  a)  and  GOs  (curve  b). 


Furthermore,  the  corresponding  current  densities  were  normalized 
with  the  same  mass  at  the  potential  of  -0.26  V  (vs.  RHE),  in  which 
Pd-Cu  NCs/RGOs  show  about  38.4  mA  mg-1,  much  higher  than 
those  of  Pd  black  (15.7  mA  mg-1)  and  RGOs  (2.07  mA  mg-1).  Taken 
together,  the  above  results  reveal  the  improved  electrocatalytic 
performance  of  Pd-Cu  NCs/RGOs  toward  ORR,  which  can  be 
attributed  to  the  addition  of  Cu  varying  the  Pd  electronic  structure 
and  the  presence  of  RGOs  improving  the  mass  transport  25,47]. 

The  stability  of  a  catalyst  is  of  great  importance  for  its  com¬ 
mercial  applications  in  fuel  cells  [48].  The  stability  of  Pd-Cu  NCs/ 
RGOs  for  ORR  was  investigated  using  LSVs  recorded 
between  -0.8  and  0  V  for  1000  cycles  with  a  scan  rate  of  5  mV  s-1 
in  02-saturated  0.1  M  KOH.  As  shown  in  Fig.  7B,  there  is  only 
about  14  mV  positive-shift  at  the  half-wave  potential,  much  less 
variation  than  that  of  Pt@PdCus/C  (65  mV  negative-shift)  [8]. 


Binding  Energy  /  eV 


Binding  Energy/ eV 


Fig.  4.  Survey  (A),  and  high-resolution  C  Is  (B),  Pd  3d  (C),  and  Cu  2p  (D)  XPS  spectra  of  Pd-Cu  NCs/RGOs.  Inset  in  (D)  shows  the  Cu  LMM  Auger  spectrum. 
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Fig.  6.  CO-stripping  voltammograms  of  Pd-Cu  NCs/RGOs  (A)  and  commercial  Pd  black 
(B)  modified  electrodes  in  0.5  M  H2S04  at  the  scan  rate  of  50  mV  s~L 

Simultaneously,  the  diffusion-limiting  current  density  exhibits 
nearly  no  change  after  1000  cycles,  similar  to  Pto.sCui/C  NCs  for 
ORR  stability  in  the  literature  [31  .  These  phenomena  evidence 
that  Pd-Cu  NCs/RGOs  own  long-term  durability  toward  ORR  [29]. 


The  polarization  curves  were  obtained  on  the  Pd-Cu  NCs/RGOs 
modified  electrode  toward  O2  reduction  with  different  rotating 
rates  to  evaluate  the  ORR  pathway  (Fig.  7C).  The  current  densities 
increase  with  the  increase  of  the  rotating  rates,  due  to  the  rapid 
diffusion  of  O2  molecules  to  the  electrode  surface  [49].  Meanwhile, 
the  diffusion-limiting  current  densities  were  analyzed  by  Kou- 
tecky-Levich  (K-L)  equation  19]  at  the  potentials  of  -0.4 
and  -0.6  V,  and  the  K-L  plots  were  provided  (Fig.  7D).  According  to 
the  corresponding  slopes,  the  electron  transfer  number  (n)  is  esti¬ 
mated  to  be  4.03  and  3.87  at  the  potentials  of  -0.4  and  -0.6  V, 
respectively,  suggesting  a  direct  reduction  of  O2  to  H2O  via  the  4- 
electron  pathway  [10,19  . 

The  alcohol-tolerant  activity  of  a  cathodic  electrocatalyst  is 
critical  for  its  development  in  fuel  cells,  because  the  permeation  of 
methanol  from  anode  side  causes  a  mixed  potential  at  the  cathode 
side  to  damage  the  cell  [50].  To  assess  the  alcohol  tolerant  ability  of 
Pd-Cu  NCs/RGOs,  Pd  black,  and  RGOs  modified  electrodes,  the 
cyclic  voltammetric  curves  (CVs)  were  recorded  with  and  without 
3  M  methanol  in  0.1  M  KOH  (Fig.  8).  The  Pd-Cu  NCs/RGOs  (Fig.  8A) 
and  RGOs  (Fig.  8B)  modified  electrodes  display  negligible  catalytic 
current  in  the  presence  of  3.0  M  methanol,  compared  to  Pd  black 
(Fig.  8C).  This  observation  demonstrates  that  Pd-Cu  NCs/RGOs  is 
methanol  tolerant  and  selectively  sensitive  to  ORR  from  methanol 
in  alkaline  media  [51,52  . 

4.  Conclusion 

In  conclusion,  well-defined  monodisperse  bimetallic  alloyed 
Pd-Cu  NCs  were  uniformly  decorated  on  RGOs  by  a  facile  one-pot 
solvothermal  strategy,  with  the  average  size  of  6.81  nm, 
endowing  it  with  enlarged  ECSA.  The  as-prepared  nano¬ 
composites  showed  highly  enhanced  electrocatalytic  activity, 
long-term  stability,  and  remarkable  methanol-tolerance  ability 
for  ORR  in  alkaline  media.  The  outstanding  electrocatalytic 
property  would  make  it  a  promising  candidate  for  a  variety  of 
catalysis  in  fuel  cells  and  others. 


Fig.  7.  LSVs  (A)  of  Pd-Cu  NCs/RGOs  (curve  a),  commercial  Pd  black  (curve  b)  and  RGOs  (curve  c)  modified  electrodes  in  02-saturated  0.1  M  KOH  with  the  scan  rate  of  5  mV  s_1  and 
rotation  rate  of  1600  rpm.  LSVs  (B)  of  Pd-Cu  NCs/RGOs  before  and  after  1000  potential  cycles.  LSVs  (C)  of  Pd-Cu  NCs/RGOs  modified  electrode  with  different  rotating  rates:  200, 
500,  900, 1000,  2000,  and  2500  rpm.  The  corresponding  K-L  plots  (D)  at  -0.4  (curve  a)  and  -0.6  V  (curve  b). 
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Fig.  8.  CVs  of  Pd-Cu  NCs/RGOs  (A),  RGOs  (B),  and  Pd  black  (C)  modified  electrodes 
without  (curve  a)  and  with  (curve  b)  3.0  M  methanol  in  0.1  M  KOH  at  the  scan  rate  of 
50  mV  s_1. 
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